The paper presents a methodology to model the geometry and forces of twist drills with generic point geometry. Starting from a detailed computer-aided designed (CAD) geometric model for a fluted twist drill in terms of bi-parametric surface patches using NURBS to present a generic model for the cutting lip and chisel edge, mechanistic model has been used to predict the forces. Optimization technique has been employed to obtain the points of intersection of surface patches. Using mechanistic model for normal and friction forces for the oblique cutting elements on the cutting lips and the chisel edge, the force components have been calculated, resolved and integrated to give the total thrust and torque for the generic profile of the drill.
INTRODUCTION

1.1
Geometric Modeling Drill point geometry has a significant effect on the drill performance and is the most critical portion of the drill [19] . It is uniquely determined by the configurations of the drill flank and the flute. Galloway [11] developed a conical grinding principle for the conventional point geometry, which was used by Fujii et al. [9] [10] to develop a drill flank contour program to analyze the geometry using computers. The investigation used a conical drill with straight cutting edges only and the drill margin was not considered in the analysis. Armarego and Cheng [1] analyzed only the cylindrical flank configuration which resulted in the tool clearance angle being constant from the chisel edge to the outer edge, though it is required that the clearance angle should be greater near chisel edge. Fugelso [6] [7] tried to solve this problem in cylindrical grinding by rotating the drill about its own axis with a slight penalty of having a slightly curved edge near the chisel edge. This altered the relationship between the clearance angle and the radius. Tsai and Wu [19] attempted to develop a comprehensive mathematical model for conical, hyperboloidal and ellipsoidal drills, but the model of an arbitrary geometry was not given. Stephenson and Agapiou [17] presented a parametric description of complex point geometries but they were not related to the grinding parameters. Chandrashekharan et al. [3] [4] measured points on the cutting lip of the drill and fitted polynomial equations to determine the parametric form of the edge. Here again, the geometry was not related to the grinding parameters. Paul et al. [13] [14] optimized the shape of the point of the drill for minimum thrust and torque using grinding parameters which in turn were based on the conical and quadratic grinding surfaces. They first modeled the cutting lip and chisel edge in a discretized form and used them to obtain the oblique cutting angles.
Lin et al. [12] developed a mathematical model for a helical drill point geometry, specifically intended for micro-drills and showed that the model was more general than the commonly used conical, cylindrical and planar drill point models which were only special cases of this model. Theyalso obtained curved (convex or concave) cutting lip shapes for different semi-point angles using helical grinding. Galloway [11] and Fugelso [6, 7] have also stressed that curved cutting lip shapes result in a longer drill life than a straight lip for various working conditions and working materials. Shi et al. [16] conducted a study on curved edge drills and optimized the cutting edge shape to realize a desired rake angle distribution. Xiong et al. [22] developed a new methodology for designing a curve-edged twist drill with an arbitrarily given distribution of the cutting angles along the cutting edges.
Tandon et al. [18] represented the sectional view of the drill to be made up of arcs and straight lines and presented a model of conical grinding in terms of 3D angles. They established relations between conventional 2D angles and rotational 3D angles and gave a mapping guide to go from 2D to 3D angles and vice-versa. This helped evolve a new CAGD based 3D nomenclature for geometric definition of the drill.
A generalized approach to directly represent the sectional profile of the drill and the grinding profiles using NURBS has not been reported in the literature at yet. If the section of the drill and the generatrix of grinder can be given a generic shape, freedom to develop optimum geometry of a drill can be made available. In this paper, the sectional profile and the grinding profile have been represented by NURBS to give the generic geometric model of the drill. The cutting lips and the chisel edge have been obtained by finding the surface-surface intersection points using optimization algorithms [5] (reducing the problem to surface-curve intersections).
1.2
Force Modeling Force modeling for a twist drill has been mostly done for conical grinding profiles [1] [2] , [15] , [20] , [21] .
Stephenson and Agapiou [17] modeled the forces for drills with arbitrary cutting edges for the first time. Fuh and Chen [8] modeled the forces for curved primary cutting edges and showed that the thrust and torque can be significantly reduced with curved edges owing to the fact that it improves the distribution of the tool orthogonal rake angles along the primary cutting edge. Chandrashekharan et al. [3] [4] gave a detailed mechanistic approach to model the forces which was used by Paul et al. [13] [14] to optimize the drill point geometry. Still, a generalized approach to model the forces for a generic profile based on grinding parameters is yet to be presented.
GEOMETRIC MODELLING OF DRILL
Drills are rotary cutting tools used for the generation of holes. They have two or more cutting lips and flutes. The flutes allow for the passage of chips and cutting fluids. Drills are widely classified on the basis of their type, shank configuration, length, helix angle, number of flutes, hand of cut and drill profiles. The most common drills are helically fluted twist drills with different shank and tip geometries. In this paper, a two-flute, right-cut, straight shank type of solid twist drill is modeled. This is the most commonly used drill for originating holes. Geometrically a drill is made of (i) a drill body and (ii) a shank. The drill body is the portion responsible for material removal and the part by which the drill is held and driven in a drilling machine is the shank. For the convenience of modeling, the drill body may be segmented into (i) flute and (ii) point geometry. The flute is the cutting portion of the drill extending from shank to the outer corners of the cutting edges. The point of the drill is the portion that facilitates entry of the drill into the work piece and is an extension of the drill body. The drill flute is composed of two parts-the primary (or cutting edge) flute and the secondary (or non-cutting edge) flute [11] . The primary flute is that portion of the drill flute which yields the cutting edge through the intersection of the flute and grinding surfaces. The secondary flute is not as critical as the primary flute for the cutting action. Its shape can be defined in a manner to facilitate effective removal of chips and to provide sufficient strength and rigidity to the drill body. The geometry of the fluted shank of a twist drill is formed by sweeping helically the cross-section of the drill profile across the length of cylindrical fluted portion of the drill ( L ) . The parameter of sweeping is determined by the helix angle (  ), or the ratio of diameter of cutting end of drill ( c D ) to the pitch ( P ). The fluted surface of a two-flute drill is made up of three surface patches, namely, land ( 1  ), flank ( 2  ) and Face ( 3  ). The point geometry of the twist drill is dependent on the grinding parameters, which include the angle of drill positioning ( o  ), cone half angle (  ) and the offset of the apex of the cone (surface of revolution in grinding process) from the drill axis, x H and y H . V V is a straight line and forms the land, when swept helically. The other two segments are NURBS curves clamped on both the ends, and on sweeping form flank and face, respectively. The control points to design the flank are chosen in such a way that they provide for the body clearance. 
Sectional Geometry
where
2) Here, N is the shape function and n is the number of control points. 
2.2
Flute Geometry The flute geometry is obtained when the sectional curve is rotated and translated about its axis. It consists of helicoidal surfaces 1  , 2  and 3  . The sweep matrix is given as:
The helicoidal surfaces 1  to 3  are formed on the basis of following sweep rules:
Land:
and, Face:  respectively.
Point Geometry
The drill point is made up of as many surface patches as the number of flutes. For a two-flute drill, two surface patches form the drill point. They are labeled as 4  and 5  , and are the two lip relief surfaces.
The major cutting edges of the drill called as lips are formed by the intersection of the helical surface of a flute with the lip relief surfaces. The edge at the end of the drill is called chisel edge and formed due to the intersection of the lip relief surfaces. The lip relief surface can be planar, cylindrical, conical, helicoidal or of any generic shape. For a conical drill point, the grinding profile is shown in Fig. 2a . Fig.  2b shows the grinding profile for a generic drill point. For the generic drill point, the generatrix of the grinding surface is not a straight line, but rather a NURBS. 
( , ) (cos sin cos cos sin ) (sin cos cos )
where, 
Cutting Lip
The cutting lip is obtained as the intersection of the face with the grinding surface. The curve can be obtained by solving for surface-surface intersection using Timmer's method. Alternatively, the problem can be reduced to finding out the intersection between a curve and a surface and the points of intersection can be obtained using optimization algorithms.
At a point of intersection, In this paper, the points of intersection have been obtained using MATLAB optimization algorithms.
is minimized to obtain the points of intersection.
Chisel Edge
The chisel edge is obtained as the intersection of 4  and 5  . The intersection of the two surfaces can be found out by finding out the points where
To simplify the problem, the contour of the surfaces at different values of z are found and points of intersection obtained. This problem can again be solved using optimization technique.
The extremities of the chisel edge are evaluated by finding the intersection of 3  , 4  , 5  and
The first of these is obtained by solving the equation:
Similarly, the second. The peak of the chisel edge will lie on the z -axis.
To obtain the generic profiles, a drill was chosen and the coordinates on a section of the fluted part were obtained. They are given in Tab. 2. Using the parameters listed below, the surfaces of sweep and revolution were obtained. The cutting lips and the chisel edge were subsequently obtained using optimization algorithms. The sectional profile, the flute geometry, the conical grinding surfaces and the grinding surfaces with a generic profile are shown in Figs. 3-6 respectively. The cutting lips and the chisel edge are shown in Fig. 7 . It can be seen from Fig. 7 (a) and (b) that the cutting lip is curved and the chisel edge has a slightly curved S-shape. 
MECHANISTIC FORCE MODELING
The forces in drilling for the generic geometric model have been calculated based on mechanistic calculations [3] [4] .
Cutting Lip Force Model
The points on the cutting lip obtained through surface-curve intersection algorithm are stored in a matrix. The neighboring points are joined by a straight line and treated as cutting elements on the lip. A local coordinate frame is fixed to the centre of each element while the world coordinate frame is fixed to the drill, with the z-axes of the two frames being parallel. The local and world coordinate frames are related as: cos sin
where  is the angle of revolution of the drill axis and is given by .t    , where  is the angular velocity and t is the time. Using the matrix of the cutting elements, the cutting lip element is defined as a vector L  . The velocity vector is obtained as
, where r is the radius vector of the midpoint of the cutting lip in the world frame. The inclination angle ( ) i is obtained using the relation
3) Normal to the face is obtained as the normalized cross-product of the two parameters making the biparametric surface patch: Thus normal rake angle is obtained as:
Having modeled the forces on the cutting lip, the forces on the chisel edge are modeled. In a region around the centre of the drill called the indentation zone, material removal is by extrusion. The thrust ind Th and torque ind To due to the indentation process at the chisel edge are given as: 
4.
SUMMARY AND CONCLUSIONS

The geometry of a drill point is modeled using NURBS, which gives the freedom to model a generic drill profile. The cutting edges obtained here are curved in space and not straight, and related to the grinding parameters. This helps modify the grinding parameters to obtain the desired drill point profile.  Optimization Algorithm has been employed to obtain the surface-surface intersection points. The cutting lip is obtained as the intersection of a sweep surface and a surface of revolution, while the chisel edge is obtained as the intersection of two surfaces of revolution. The neighboring points are connected to have the oblique cutting elements and the cutting angles are evaluated for the individual elements.  The mechanistic model is subsequently applied to calculate the forces for each element which are further resolved and added to give the total thrust and torque by the drill. In summary, the proposed methodology gives us a freedom to model any kind of drill point profile and calculate the thrust and torque mechanistically.
The research is to be further continued to give the optimum drill point geometry for minimum thrust and torque where the cutting lips and the chisel can be given a generic shape using NURBS.
